Myeloid-derived suppressor cells are a heterogeneous group of pathologically activated immature cells that play a major role in the negative regulation of the immune response in cancer, autoimmunity, many chronic infections, and inflammatory conditions, as well as in the regulation of tumor angiogenesis, tumor cell invasion, and metastases. Accumulation of myeloid-derived suppressor cells is governed by a network of transcriptional regulators that could be combined into 2 partially overlapping groups: factors promoting myelopoiesis and preventing differentiation of mature myeloid cells and factors promoting pathologic activation of myeloidderived suppressor cells. In this review, we discuss the specific nature of these factors and their impact on myeloid-derived suppressor cell development. J. Leukoc. Biol. 98: 913-922; 
Introduction
Accumulation of nonlymphoid suppressive cells in cancer was first reported in the late 1970s [1, 2] . However, these cells received very little attention until 20 y later with the accumulation of information about their potential contribution to tumor progression. These cells were named MDSCs in 2007 to reflect their origin and major functional trait, i.e., the ability to suppress T cell activation and function [3] . MDSCs were studied initially in the context of cancer. In recent years, it has become clear that these cells also play an important role in the regulation of immune responses in chronic infections, inflammation, autoimmune diseases, and other pathologic conditions [4] . MSDC frequency has also been reported to increase with aging [5, 6] . MDSCs are phenotypically distinct from terminally differentiated DCs and MF and represent a heterogeneous population of immature myeloid cells that include cells with granulocytic and monocytic morphology and phenotype. MDSCs are known for their ability to suppress immune responses [7] [8] [9] and to promote tumor growth by supporting angiogenesis, tumor cell survival, metastases, and formation of premetastatic niches [10] . Extensive studies in recent years have provided ample evidence of the clinical relevance of MDSCs [11, 12] .
MDSCs are now divided into 2 major populations: granulocytic or PMN-MDSC and mononuclear or M-MDSC [13, 14] . In most types of cancer, PMN-MDSCs represent 70-80% of the total MDSC population, whereas M-MDSCs usually represent no more than 20%. In some chronic infections, M-MDSCs are predominant population of MDSCs [8] . In mice, PMN-MDSCs are commonly defined as CD11b . These cells represent a mixed population of PMN-MDSCs and M-MDSCs, as well as early myeloid progenitors. As there is substantial overlap between the cells defined by these markers, they are often all used to provide for the most accurate evaluation of MDSCs in clinical samples. This issue has been reviewed recently in detail elsewhere [15] .
PMN-MDSCs and neutrophils share a similar phenotype and morphology. However, in contrast to neutrophils, PMN-MDSCs suppress T cell functions and have a distinct gene-expression profile. Moreover, PMN-MDSCs have distinct functional characteristics, including lower phagocytic activity and higher activity of arginase-1, MPO and ROS [16] . M-MDSCs resemble normal monocytes in regard to their phenotype and morphology. In contrast to spleen monocytes in naïve mice and blood monocytes in healthy individuals, M-MDSCs have a potent ability to suppress T cell function, which is mediated by arginase-1, NO, and different soluble factors [17] .
MDSC DIFFERENTIATION MODEL
MDSCs arise from a CMP. Their development is supported by the same growth factors that are responsible for normal myelopoiesis: GM-CSF [18] [19] [20] [21] , G-CSF [22] [23] [24] , and M-CSF [25, 26] . However, simple expansion of myeloid cells is not sufficient to generate bona fide MDSCs, which are pathologically activated-a state of activation that is different from the "normal" activation of PMNs and monocytes. Normal activation is evolutionarily designed to protect the host from bacteria and viruses. It is characterized by active phagocytosis, respiratory burst, and release of proinflammatory cytokines. It is relatively short lived and quickly terminated upon cessation of the stimulus. Normal activation is also characterized by the generation of mature myeloid cells (primarily MF) that are able to support the remodeling of tissues after injury or after resolved inflammation. In contrast, pathologic activation is the result of persistent stimulation of the myeloid compartment with relatively lowstrength signals coming from tumors or sites of chronic inflammation. Myeloid cells generated under these conditions are unable to differentiate effectively into mature myeloid cells, are poorly phagocytic, and produce high levels of ROS, MPO, NO, and mostly anti-inflammatory cytokines. As a result, these cells are not able to perform normal functions of myeloid cells effectively and acquire potent immune-suppressive potential. It is believed that the evolutionary role of MDSC is in the termination of persistent immune responses and the protection of the host from extensive tissue damage caused by an uncontrolled immune response associated with unresolved inflammation or infection. However, tumors hijack and amplify this activity to protect themselves from elimination by the immune system. In cancer, MDSCs play an important role, not only in facilitating tumor evasion from the immune system but also in limiting the effect of cancer immunotherapeutics.
One of the major questions facing the MDSC field is to understand the mechanisms by which normal immature myeloid cells become immune-suppressive MDSCs. Several years ago, we proposed a 2-signal model to describe the differentiation of MDSC [27] . This model includes 2 phases: the expansion of immature myeloid cells associated with inhibition of their terminal differentiation and the activation phase converting immature myeloid cells to MDSC (Fig. 1) . We assert that these phases partially overlap but are governed by sets of different transcription factors and intermediates. The 1st phase is mostly driven by tumor-derived growth factors, whereas the 2nd phase is driven by proinflammatory cytokines produced by tumor stroma. Recent studies refined this model by providing molecular mechanisms regulating these phases of MDSC development and by adding additional factors critically important for this process. Most of these studies have been done in tumor models, and the relevance of these findings to other pathologic conditions needs to be confirmed further. These new data may help to develop strategies for targeted disruption of these mechanisms and thus, help to control MDSC accumulation.
TRANSCRIPTION FACTORS AND SIGNALING PATHWAYS INVOLVED IN MDSC EXPANSION

STAT3
The STAT family of transcription factors mediates signals from various cytokine receptors and growth factors. Dimerization of the receptors results in trans-phosphorylation of their associated JAK and tyrosine kinase 2. Activated kinases can then directly phosphorylate the cytoplasmic tail of the receptors, generating a docking site for STAT proteins to recruit and phosphorylate them. pSTAT sequentially forms homo-or heterodimers, translocates to the nucleus, binds to DNA, and induces the transcription of multiple target genes. STAT3 was the first transcription factor implicated in MDSC expansion in cancer [28] [29] [30] [31] . Recent studies provided additional evidence supporting its major role in MDSC accumulation in humans and mice. For example, myeloid cell-specific ablation of the negative regulator of STAT3 activation, suppressor of cytokine signaling 3, led to an accumulation of MDSC in transplantable and orthotopic murine models of prostate cancer [32] .
In addition to the myeloid-specific growth factors GM-CSF and G-CSF, several other factors have been implicated in the activation of STAT3 in MDSCs (Fig. 2) . IL-6 is 1 of these factors [33, 34] . In mice, myeloid-specific expression of a dominantnegative form of peroxisome proliferator-activated receptor g led to an increased production of proinflammatory cytokines, including IL-6, which resulted in the activation of STAT3 and the expansion of MDSC [35] . Interestingly, these mice spontaneously developed adenocarcinoma at 9-12 mo of age, further confirming the role of inflammation and MDSC during tumorigenesis. The involvement of IL-6 was also confirmed in cancer patients. In a recent study, IL-6 plasma concentrations were shown to correlate positively with the level of circulating MDSCs in patients with esophageal squamous carcinomas [36] . Remarkably, IL-6 was involved in the crosstalk between MDSC and tumor cells. Murine MDSC recruited to metastatic sites secreted high levels of IL-6, which led to pSTAT3 expression in tumor cells, thus increasing tumor invasiveness and metastatic potential [37] . Similar results were observed in a spontaneous murine model of prostate cancer, where in vivo IL-6 silencing resulted in decreased tumor aggressiveness associated with a decreased accumulation of MDSC [38] .
STAT3 activation in MDSC was reported in response to several others factors, including the hepatocyte growth factor [39] , tumorderived exosomes through TLR2 [40] [41] [42] , and IL-11 [43] . In the latter study, IL-11-induced STAT3 activation was implicated in MDSC accumulation in a spontaneous murine model of stomach cancer. Interestingly, Yan et al. [44] recently reported that exposure to a diet rich in PUFAs significantly increased the accumulation of MDSC in tumor-bearing mice in a STAT3-dependent manner. However, the mechanism by which PUFAs can induce STAT3 activation and MDSC expansion requires further investigation.
Although the critical role of STAT3 in MDSC accumulation is well established, experiments targeting the STAT3 pathway raised questions regarding its potential role in the fate of MDSC within the tumor tissue. It is well established that inhibition of STAT3 results in decreased MDSC expansion. Treatment of tumor-bearing mice with different STAT3 inhibitors cucurbitacin I [45, 46] , nifuroxazide [47] , niclosamide [48] , and tyrosine kinase inhibitors axitinib [49] or sunitinib [50, 51] resulted in a decrease of MDSC accumulation in the spleen, blood, and lungs and to a lower extent, in the primary tumor. Several studies reported that intratumoral GM-CSF was able to protect MDSC from STAT3 inhibition with sunitinib through an alternative STAT5-dependent survival mechanism [51, 52] . In most of the studies, the effect on different MDSC subsets was not established. However, recently published reports suggest that the accumulation of PMN-MDSC was decreased significantly within the tumor tissue upon STAT3 inhibition, whereas the percentage of M-MDSC remained unaffected or even increased [53, 54] . The efficacy of STAT3 targeting in cancer patients remains to be proven [55] . Therefore, the role of STAT3 in regulation of MDSC expansion depends on the cell subsets and the local microenvironment.
STAT3 is 1 of the transcription factors involved in the suppressive activity of these cells [33, 42, 56] . For example, it has been shown that STAT3 up-regulated the expression of several components of the NADPH complex (p47, gp96, S100A9). This up-regulation led to increased ROS production, which was associated with the suppressive ability of PMN-MDSC [57, 58] .
IRF8
Although initially discovered for their involvement in type I IFN signaling, the IRF family of transcription factors was implicated in the regulation of the cell cycle, apoptosis, and cellular differentiation [59] [60] [61] . Within the murine hematopoietic system, IRF8 is expressed at the CMP stage, especially in cells that will differentiate into GMPs [62] . IRF8 expression coincides with the commitment to the granulocytic and monocytic lineages and the repression of the megakaryocyte-erythrocyte developmental axis. GMPs with high expression of IRF8 are more prone to give rise to MF colonies [62] . Yanez et al. [63] refined this idea by showing that cells with high IRF8 expression in mice were not GMPs per se but rather, further committed progeny. Mechanistically, IRF8 interacts with the transcription factor C/EBPa in mice to prevent its binding to DNA, resulting in the inhibition of the granulocytic differentiation program [64] . IRF8 regulates the differentiation and survival of GMPs and favor monocytic differentiation at the expense of granulocytes.
According to this concept, IRF8 could negatively regulate the differentiation of MDSC and their granulocytic subset, in particular. Mice deficient for IRF8 developed a chronic myeloid leukemia-like disease with 100% penetrance at ;20 wk of age [65] . This pathology was associated with an increase in CD11b + Gr-1 + cells in the lymph nodes. Likewise, in the B16F10 melanoma model, IRF8-deficient mice had an increased accumulation of MDSC, both in spleens and tumors, compared with WT mice [66] . The molecular mechanisms driving this expansion are not fully understood, but a recent study suggested that IRF8 deletion in T cells induced GM-CSF production, which could promote MDSC expansion [67] . Interestingly, the silencing of IRF8 in MDSC isolated from mammary or colon carcinoma-bearing mice was associated with decreased, spontaneous apoptosis of these cells, mediated by down-regulation of Fas [68] . This allowed MDSC to escape Fas-mediated elimination by cytotoxic T cells, suggesting that IRF8 was not only a negative regulator of MDSC differentiation but could also indirectly inhibit their survival. Consistent with these results, overexpression of IRF8 resulted in a decreased accumulation of MDSC in a spontaneous mammary carcinoma model [69, 70] . A decrease of both MDSC subsets was reported, but the decrease in PMN-MDSC was much greater. This observation is consistent with the fact that IRF8 negatively regulates granulopoiesis. Surprisingly, the same group also reported that the frequency of splenic MDSC remained unchanged in a transplantable tumor model (4T1 mammary carcinoma). However, in this model, splenic MDSC had decreased protumorigenic ability [71] .
Irf8 could be negatively regulated by tumor-derived G-CSF and GM-CSF, mediated through STAT3 and STAT5, respectively [70] (Fig. 2) . Recently, Papaspyridonos et al. [72] showed that Irf8 down-regulation took place when murine hematopoietic progenitors were cultured in vitro in the presence of TCM. This downregulation favored the development of MDSC at the expense of DCs. This effect was mediated by the TGF-b, present in the TCM, which induced the expression of the ID1. Overexpression of ID1 finally led to Irf8 down-regulation. High levels of ID1 were detected in peripheral blood CD11b + cells from cancer patients, suggesting that this mechanism could also occur in humans. These results were consistent with data reported by Waight et al. [70] , who found an inverse correlation between IRF8 expression levels and frequency of circulating MDSC in breast cancer patients.
C/EBPb
C/EBPs encompass a family of basic-region-leucine zipper transcription factors. These factors form homo-or heterodimers (except for C/EBPz, also known as CHOP) and bind to DNA [73] . Whereas 4 members (a, b, d, and e) of C/EBP are expressed in the cells of myeloid lineage, only C/EBPb has been implicated in MDSC expansion [33] . C/EBPb exists as 3 different isoforms: LAP*, LAP, and LIP. Whereas LAP* and LAP contain the DNA-binding domain and the activation domain, LIP lacks the latter. Therefore, LIP can act as a dominant-negative form for C/EBPb [74] . The balance of different isoforms can affect the functional properties of C/EBPb. In the steady state, C/EBPb-deficient mice showed only defects in MF activation following stimulation with bacteria or LPS [75] . The granulocyte lineage remained unaltered. However, C/EBPb KO mice were unable to mount an efficient emergency granulopoiesis response [76] . MDSC accumulation and emergency granulopoiesis are very similar phenomena. Indeed, mice lacking C/EBPb in the hematopoietic system had lower frequencies of splenic CD11b 
RB1
The RB family includes 3 members: RB1 (p105), RB2 (p130), and p107. They are not bona fide transcription factors but are recruited to DNA through interactions with other transcription factors. The main role of the RB proteins is to inhibit cell proliferation by repressing the activity of the E2F transcription factors. Although the RB proteins have similar structure and mostly overlapping activity, they can also display distinct functions, depending on cell type and context [77, 78] . RB1 was implicated recently in MDSC expansion in mice and humans [79] . Heterogeneous expression of Rb1 was found in M-MDSC. Immunofluorescence microscopy revealed a subpopulation of M-MDSC with low levels of Rb1, similar to PMN-MDSC. Whereas Rb1 hi M-MDSCs mainly gave rise to MF and DC in vitro, the vast majority of Rb1 lo M-MDSCs differentiated toward Ly6G + granulocytic cells with potent immunosuppressive abilities (PMN-MDSC). Likewise, M-MDSC from the bone marrow of patients with multiple myeloma generated CD66b + granulocytic cells in vitro. Rb1 down-regulation in M-MDSC was mediated largely by transcriptional silencing via recruitment of histone deacetylase 2. Recently, the accumulation of Rb1 lo Ly6G + PMN-MDSC was confirmed in the polyoma middle T antigen transgenic model of breast cancer [80] . Accumulation of PMN-MDSC resulted from a biased expansion of the early hematopoietic progenitors toward the granulocytic lineage. In this model, this process was mediated by an increased level of G-CSF [80] . These results suggest that tumor-derived G-CSF may reprogram the early hematopoietic compartment, and therefore, it is possible that RB1 lo M-MDSCs are an intermediate stage of this process (Fig. 2) .
The Notch pathway
The Notch pathway is an evolutionary conserved pathway, critically important for embryogenesis. In addition, it is directly involved in the regulation of innate and adaptive immunity. Down-regulation of Notch signaling was found in Gr-1 + splenocytes from tumor-bearing mice [81] . This was the result of ICN phosphorylation by activated CKII. Phosphorylation of ICN prevented its interaction with transcriptional partner RBPJk. Overexpression of CKII in bone marrow progenitors shifted their differentiation toward CD11b + Gr-1 + cells at the expense of DCs. When tumor-bearing animals were treated with a CKII inhibitor, expression of the Notch target gene hairy and enhancer of split-1 was restored in bone marrow and spleens, and the differentiation of DC was improved [81] . These results suggested that Notch inhibition skewed the differentiation of the hematopoietic progenitors toward MDSC instead of DC. Interestingly, sustained activation of the Notch pathway in mice devoid of FBXW7, an E3 ubiquitin protein ligase required for ICN degradation, promoted MDSC migration. In these mice, M-MDSC frequencies were increased in lung metastases in a breast cancer model [82] . This effect was not observed in the bone marrow, suggesting that FBXW7 regulates the recruitment of M-MDSC to the tumor site rather than their production in the bone marrow. Indeed, enhanced M-MDSC migration in this study was found to be a result of increased production of CCL2 by bone marrow-derived stromal cells [82] .
Adenosine receptors A2b
Extracellular AMP can be converted to adenosine through the action of the membrane-anchored ectonucleotidases CD39 and CD73. Extracellularly generated adenosine can then bind to adenosine receptors. Subsequent signaling downstream of the adenosine receptors is mediated by increased concentrations of cAMP and activation of the MAPK pathways [83] . Among the adenosine receptors, A2b has been specifically involved in MDSC expansion in cancers. Lewis lung carcinoma tumor-bearing mice, deficient for A2b, had decreased PMN-MDSC in the tumor site [84] . A2b expression specifically affected PMN-MDSC, as the levels of M-MDSC were unchanged. This was a result of the higher expression of CD73 on PMN-MDSC compared with M-MDSC. With the use of agonists and antagonists of the A2bR, Iannone et al. [85] demonstrated an associated increase or decrease in the frequency of MDSC in the melanoma lesions of tumor-bearing mice.
NLRP3
NLRP3 is an intracellular sensor found in some types of inflammasomes, which consist of macromolecular complexes, activated mainly in the presence of bacteria-derived compounds. Upon inflammasome activation, procaspase-1 is processed into its active form, caspase I, which then generates the fully matured inflammatory cytokines IL-1b and IL-18 through proteolytic cleavage [86, 87] . Van Deventer et al. [88] reported NLRP3 expression in tumor MDSCs. Subsequent experiments revealed that Nlrp3-deficient mice had decreased MDSC in the tumor site, implicating NLRP3 in MDSC recruitment to the tumors. In a metastatic melanoma model, Chow et al. [89] demonstrated that tumor-bearing mice had less metastases in the lungs in the absence of Nlrp3. This effect depended on NK cells and was potentiated by a CD11b + Gr-1 int myeloid population present in the tumors. These cells displayed an eosinophil-staining pattern and were not found in the lymphoid organs of the tumor-bearing animals. This is an intriguing observation, as CD11b + Gr-1 int cells usually have characteristics of M-MDSC in tumor-bearing hosts [90] . In addition, these cells were shown to suppress NK activity rather than to potentiate their activity [91] . More studies are needed to clarify the role of NLRP3 in MDSC function.
TRANSCRIPTION FACTORS AND SIGNALING PATHWAYS INVOLVED IN MDSC ACTIVATION
The NF-kB pathway
The NF-kB pathway is activated in MDSC by various proinflammatory factors, such as TLR ligands, IL-1b or TNF-a. All of these factors have been shown to increase the suppressive activity of MDSC [27] (Fig. 3) . Several studies reported that TLRmediated activation of NF-kB through MyD88 could contribute to the suppressive activities of MDSC [41, 92, 93] . These findings were confirmed by a more recent study showing that MyD88-deficient MDSCs lost their suppressive abilities and even acquired immunostimulatory activity. At the same time, MDSC accumulation was only slightly affected and was mainly a result of the decreased tumor size rather than the involvement of MyD88 in MDSC expansion [94] . More recently, activation of NF-kB through MyD88 has been linked to the engagement of TLR2 by exosomal HSP70 [95] . The authors demonstrated that tumorderived exosomes were enriched for HSP70, which triggered an up-regulation of STAT3 activity in a TLR2/MyD88-dependent manner. However, several studies challenged the hypothesis that TLR could drive the suppressive function of MDSC and instead, suggested that it could inhibit their suppressive activity [96, 97] . Several studies also linked IL-1b with recruitment and activation of MDSC in an NF-kB-dependent manner [93, 98, 99] (Fig. 3) . For example, overexpression of IL-1b by tumor cells resulted in an increased number of peroxynitrite-producing MDSCs [100] . TNF-a, another well-known activator of the NF-kB pathway, was implicated in the suppressive activity of MDSC. Hu et al. showed that activation of MDSC through tmTNF-a could increase the suppressive activity of these cells. tmTNF-a was able to regulate iNOS expression in an NF-kB-and p38 MAPK-dependent manner [101] (Fig. 3) . TNF-a enhanced the suppressive activity of MDSC in a model of chronic inflammation induced by repetitive injections of inactivated Bacillus Calmette-Guérin vaccines [102] . One study restricted the activity of TNF-a to M-MDSC in a model of cecal ligation and puncture [103] . Activation of NF-kB through TNFR2 could promote the survival of MDSC via NF-kB-mediated expression of C-FLIP, which inhibited caspase-8 [104] . stimulation and is implicated in the up-regulation of iNOS and arginase-1 expression. More recently, the involvement of STAT1 was restricted to M-MDSC [107] . In that study, the IFN-g-STAT1-IRF1 axis was shown to be crucial for M-MDSC-suppressive activity, whereas PMN-MDSCs were only moderately affected. Furthermore, a more recent study demonstrated that activation of STAT1 through the IFN-gR could actually decrease PMN-MDSC survival and suppressive activity by repressing the expression of the antiapoptotic Bcl-2-related protein A1 [108] . This suggests that STAT1 signaling may have opposite effects on different MDSC subsets (Fig. 3) . This could explain why a previous study did not observe an involvement of IFN-g and/or STAT1 in MDSCsuppressive activity. In that study, Sinha et al. [109] analyzed the total MDSC population and did not find differences between WT and STAT1-deficient MDSCs. A plausible explanation would be that the loss of suppressive activity by M-MDSC was compensated for by the increased suppressive activity of PMN-MDSC.
The STAT6 pathway
In MDSC, the STAT6 pathway can be activated through engagement of CD124 (IL-4Ra) by IL-4 or IL-13. This led to the up-regulation of arginase-1 expression [110] [111] [112] [113] , as well as increased production of TGF-b [114] . More recently, Highfill et al. [115] reported that IL-13 increased the suppressive activity of in vitro-generated M-MDSC by increasing arginase-1 activity. The STAT6 pathway has also been involved in the survival and accumulation of MDSC via CD124 [116, 117] (Fig. 3 ).
PGE2 and COX2
PGE2 was implicated in the ability of MDSC to suppress T cells by up-regulating arginase-1 via EP4 in MDSC [118] . The role of PGE2 in MDSC-suppressive activity was confirmed further by the observation that COX2 expression correlated with the expression of arginase-1 and iNOS in murine tumor-infiltrating leukocytes [119] . More recently, a series of reports further investigating the role of PGE2 in MDSC described a positive-feedback loop, where PGE2 increased the expression of COX2 in monocytes, converting them to M-MDSC, and further increased the production of PGE2 [120, 121] . The involvement of PGE2 in MDSC-suppressive function was confirmed in melanoma patients, where inhibition of COX2 was found to down-regulate the suppressive activity of M-MDSC [122, 123] . Likewise, the COX2 inhibitor celecoxib blocked MDSC accumulation and function in 2 different mouse models of glioma and mesothelioma [124, 125] . However, PGE2 was also implicated in the accumulation and the recruitment of MDSC. One study demonstrated that PGE2 could induce MDSC accumulation via EP2R [126] . EP2 KO mice, as well as mice treated with an inhibitor of COX2 (SC58236), had decreased tumor growth associated with a reduced accumulation of MDSC. PGE2 was involved in the recruitment of MDSC to the tumor site by inducing the expression of CXCL12 [127, 128] .
The ER stress response pathway
The ER stress response is an evolutionary conserved mechanism developed to protect cells from various stress conditions, including hypoxia, nutrient deprivation, low pH, and others. In eukaryotes, three major signaling cascades are involved in the ER stress response and are initiated by 3 protein sensors, i.e., PERK, IRE-1, and ATF6 [129] . PERK phosphorylates eIF2a, which controls the initiation of mRNA translation and inhibits the flux of synthesized proteins. eIF2a induces the expression of ATF4 and its downstream targets, including the proapoptotic transcription factor CHOP. IRE-1 cleaves the mRNA encoding for the transcription factor XBP1 [130] . sXBP1 mRNA is then ligated by a RNA ligase and translated to produce sXBP1 transcription factor [131] . ATF6 is transported to the nucleus through the Golgi and induces the transcription of ER chaperone genes, such as binding Ig protein and several major targets, including XBP1.
The ER stress response pathway has been shown to regulate inflammation by activating the NF-kB pathway [131] [132] [133] . The ability of the ER stress response to modulate myeloid cell function was first shown by Dr. Zanetti's group [134] [135] [136] . They demonstrated that tumor cells are able to transmit ER stress to DCs and MF. In MF, it led to the up-regulation of arginase-1 activity. Our group reported that the ER stress response pathway was activated in MDSC [137] . We demonstrated that both MDSC isolated from tumor-bearing mice or cancer patients overexpressed several markers of ER stress, including sXBP1 and CHOP, and displayed an enlarged ER, 1 of the hallmarks of ER stress. In a different study, administration of an ER stress inducer to tumor-bearing mice was shown to increase the accumulation of MDSCs and their suppressive activity [138] . More recently, the transcription factor CHOP was implicated in the suppressive activity of MDSC. Intratumoral CHOP-deficient MDSCs lost the ability to suppress T cells stimulated in an antigen-nonspecific manner and were even able to stimulate T cells [139] . However, CHOP-deficient MDSC retained the ability to suppress the T cell response to an antigen-specific stimulation [140] . More studies will be necessary to clarify the role of the specific mechanisms of ER stress responses in MDSC function.
CONCLUDING REMARKS
Accumulation of MDSC is controlled by a network of transcription factors and regulators that could be broadly ascribed to 2 large groups. One group is responsible for expansion of immature myeloid cells and the other group for pathologic activation of these immature cells. Both of these groups are indispensable for MDSC accumulation. However, the precise role and potential redundancy among different factors need to be elucidated. With better understanding of the nature of cells that comprise MDSC, it became clear that the biology and regulatory mechanisms of PMN-MDSC and M-MDSC are different. PMN-MDSC is the population that extensively expands in cancer. In contrast, M-MDSCs expand very modestly. It is likely that molecular mechanisms regulating these 2 populations are different. However, most of the studies to date were performed by use of total population of MDSC. The specific nature of those mechanisms only recently started to emerge and need further elucidation.
A similar challenge exists for understanding the mechanisms regulating activation of MDSC. It appears that in M-MDSC, this process depends on STAT1, STAT6, and NF-kB. The acquisition of suppressive abilities by PMN-MDSC is less clear. STAT3 could play a major role, not only in expansion of these cells but also in their acquisition of suppressive activity. One of the attractive hypotheses of MDSC activation is the effect of proinflammatory signals coupled with ER stress response. Cooperation of the ER stress response with TLR signaling has been demonstrated [141] [142] [143] [144] . However, more studies will be needed to clarify this issue. The understanding of specific molecular mechanisms responsible for MDSC accumulation would enable more precise therapeutic targeting of these cells. 
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